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We were interested in determin ing whether there was a correlation between seed size and follicle size in 
Hakea, to use as a null model for evaluating adaptive hypotheses against. In this large genus the enormous 
interspecific variation in follicle shape and size has been attributed to adaptation to restrict pre-dispersal 
predation or losses due to fire damage. We found isometric/allometric relationships between seed size and 
follicle dimensions, both within individuals and in a sample of 24 species. We discuss various adaptive 
scenarios in the light of this correlation. 
Ons wou probeer uitvind of daar 'n korrelasie is tussen saadgrootte en follikelgrootte in Hakea, wat gebruik 
kan word as 'n nul-model om aanpassingshipoteses te evalueer. Hakea is 'n groot genus met enorme 
variasie in follikelvorm en -grootte. Hierdie variasie is toegeskryf aan aanpassing om saadpredasie voor 
verspreiding, of verlies deur vuur, te beperk. Ons het isometries/allometriese verwantskappe tussen saad-
grootte en follikelafmetings gevind, beide binne individue en in 'n steekproef van 24 spesies. Ons bespreek 
verskillende aanpassingsmoontlikhedein die lig van hierdie korrelasie. 
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The null model for studies of adaptation is often a 
morphometric analysis (Gould & Lewontin 1979). Thus a 
study of the relationships between the size of organs and the 
size of the animal for a range of different animals provides a 
baseline to test deviations (possible adaptations) against. 
The shape of the relationship itself can indicate reasons for 
the correlation in the first place. Isometric relationships 
(linear relationships) or allometric relationships (curvilinear 
relationships) occur for different reasons and have different 
implications (e.g. Begon et al. 1986). The study of the 
relationships between the sizes of different parts of plants is 
in its infancy when compared to similar studies of animals 
(Begon et al. 1986). This is apparent in Primack's (1987) 
recent review which contained mainly original data . 
Furthermore, the type of correlation and the basis for these 
correlations is complex and poorly studied in plants. For 
example, the correlation between leaf size and inflorescence 
size noted in some genera (Midgley & Bond 1989) may be 
due to mechanical (e.g. support), physiological (supply of 
solutes) or developmental (meristematic) constraints (Bond 
& Midgley 1988). Although these authors considered these 
relationships to be allometric (i.e. curvilinear), they did not 
explore the isometry, nor the implications, of the 
relationships. The purpose of our article is to investigate 
whether there is a relationship, and if so, the type of 
relationship (allometric or isometric), amongst some 
reproductive characters in Hakea. Finally we use this 
relationship as a null model to view possible adaptational 
hypotheses against. 
Hakea (Proteaceae) is an Australian genus of about 150 
species, characterized by the fruit which is a woody follicle 
comprising two dehiscent valves and containing two seeds 
(Figure 1). We considered the enormous variation in follicle 
mass (350-fold for our sample of 24 species) and shape (see 
Figure 1) in this genus ideal for investigating relationships 
between sizes of parts of the fruit. Thereafter we discuss 
suggestions that variation in follicle size may be an adaptive 
response to the selective forces of pre-dispersal seed preda-
tion (Neser 1968) and fire damage (Gill 1981) in the light of 
the above morphometric analyses. 
Methods 
Of the 24 species of Hakea (Table 1) we sampled, four 
species were sampled in the Cape where they have become 
naturalized. The remainder were sampled in their natural 
habitats in southwestern Australia. The species we chose 
collectively exhibit the widest possible range and combina-
tions of follicle size and shape, post-fire regeneration mode 
(seeder or sprouter) and degree of serotiny. The importance 
to any species of protecting a seed bank is influenced by the 
degree of serotiny and the ability to sprout (e.g. Cowling et 
al. 1987). In order to minimize phylogenetic constraints, we 
selected species from most sections in the genus (Bentham 
1870). In some species the follicle is cryptic and resembles, 
or is hidden in, the foliage (11. trifurcata,H. conchi/olia and 
11. stenocarpa). Other species have a false suture (e.g. H. 
cristata), or follicles that may be disproportionately thick 
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Figure 1 Examples of Hakea follicles showing range in size and shape. a, H. p/atysperma; b, H. cristata; c, H. cyc/ocarpa; 
d-f, H. erinacea. 1, granular layer thickness; 2, valve thickness . 
Table 1 Hakea species used in the analysis and 
aspects of their reproductive biology (Lamont and 
Cowling, pers. obs.). Species numbers corresponds to 
those in Figure 2. The last four species are naturalized 
in the Cape, South Africa. 
Degree of Post-fire rege-
Species serotiny neration mode 
I. H. polyanlhema Diels Strong Non-sprouter 
2. N. circumalala Meisn. Strong Non-sprouter 
3. H. conchifolia Hook. Strong Sprouter 
4. H. coslala Meisn. Strong Non -sprouter 
5. H. crislala R.Br. Strong Sprouter 
6. H. cyclocarpa Lindl. Strong Sprouter 
7. H. erinacea Meisn. Weak Non-sprouter 
8. H. flabellifolia Meisn. Strong Sprouter 
9. H . incrassala R.Br. Strong Sprouter 
10. H. lasianlhoUles Rye Weak Non-sprouter 
11. H. megalosperma Meisn. Strong Sprouter 
12. H. psilorrhyncha R.M.Barker Strong Non-sprouter 
13. H. pandanicarpa R.Br. Strong Non-sprouter 
14. H. plalysperma Hoole. Strong Non-sprouter 
15. H. proslrala R.Br. Strong Sprouter 
16. H. ruscifolia Labill. Strong Sprouter 
17. H. slenocarpa R.Br. Strong Sprouter 
18. H. su/cala R.Br. Strong Non-sprouter 
19. H. Irijurcala (Smith) R.Br. Weak Non-sprouter 
20. H. undulala R.Br. Strong Non-sprouter 
21. H. sericea Schrad. Strong Non-sprouter 
22. H. salicifolia (Vent.) B.L.Burtt Strong Non -sprouter 
23 . H. gibbosa (Sm.) Cay. Strong Non-sprouter 
24. H. drypacea (Gaetn.f) Riemer & Schultes Strong Non-sprouter 
due to a layer of cork (e.g. H. pandanicarpa, H. psilorrhyn-
cha) or are recurved over the suture (e.g. H. cyclocarpa) . 
We collected randomly a single follicle from ten separate 
shrubs of each species. We measured the following varia-
bles: seed mass, follicle valve mass and thickness of the 
follicle at the suture (i .e. thickness of the granular layer) and 
of the 'cheeks' (Figure 1). We determined a mean value of 
each variable for all species. Inter-specific variation in the 
concentration of nitrogen and phosphorus in Hakea seeds is 
very low (Kuo et al. 1982; Hocking 1982; Richardson el al. 
1987). Thus seed mass is probably also a good measure of 
seed cost to parent plants and the size of the reward to seed 
predators. 
Follicle density did not appear to vary strongly (follicle 
mass was strongly correlated with follicle dimensions in our 
sample). In any event, the variable follicle mass will take 
into account variation in follicle density and is probably a 
good measure of maternal cost of the follicle. However, the 
best measure of effort a seed predator must expend to get to 
the reward will be the thickness, rather than the mass, of the 
follicle. 
Relationships at the intraspecific level were determined 
using H. drypacea and H. sericea. These species were 
chosen because they produce prolific fruit crops in South 
Africa with a wide range of follicle sizes present on single 
individuals. We removed all the follicles from a large single 
individual of each species and divided them into three size 
categories (small, medium, large). We chose randomly 25 of 
each follicle size category and measured the same variables 
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described above. We performed simple linear regression 
analysis of both log transformed (to determine whether the 
relationship is allometric) and untransformed (isometric) 
data. As was mentioned above, the range in follicle mass 
and seed mass was large, especially in comparison to follicle 
thickness. Because variables with such a large range can 
distort subsequent analyses, transformations were often 
necessary and under these conditions the slope of the regres-
sions indicates whether the relationships are isometric (b = 
1 for log-log transformation), decreasing (b < 1) or 
increasing (b > 1). 
Results 
Interspecific variation 
Regression analysis (n = 24 in all instances) indicated that 
log seed mass was correlated with follicle valve thickness 
(r2 = 0.61; b = 9.8; p < 0.001), granular layer thickness (r2 
= 0.62; b = 5.1; p < 0.001; Figure 2) and log follicle mass 
(r2 = 0.65; b = 1.39; p < 0.001; Figure 2). For all of these 
relationships no species could be regarded as outliers in that 
none fell outside the 95% confidence limits of the regres-
sions. Follicle mass and granular thickness were most 
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strongly correlated with seed size and were thus used in 
further analyses. Using untransformed data for the regres-
sion, seed mass was again correlated with follicle valve 
thickness (r2 = 0.52; b = 0.022; p < 0.001) and follicle mass 
(r2 = 0.54; b = 8.07; p < 0.001). 
Intraspecific variation 
Regression analyses (n = 75 but cones are from only one 
individual of the two species investigated) again indicated 
that log seed mass was correlated significantly with log fol-
licle mass for Hakea sericea (r2 = 0.57; b = 1.81;p < 0.001; 
Figure 3) and H. drypacea (r2 = 0.66; b = 0.80; p < 0.001; 
Figure 3). Although the slopes of these regressions were sig-
nificantly different from the regression slope (b = 1.39) of 
the inter-specific level data (I = 2.48; P < 0.01 for H. 
sericea; 1 = 3.27; p < 0.001 for H. drypacea), the slope for 
the interspecific data was within the range of that of the two 
species. 
Discussion 
Despite large varlaUon in reproductive traits (Table I) and 
follicle shape (Figure 1), significant correlations exist 
between seed mass and both follicle mass and thickness. 
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Figure 2 Scatter diagrams for 24 lIakea species showing the relationship between log seed mass (mg) and (a) log follicle mass (mg), 
(b) granular layer thickness (mm). Numbers identifying species correspond to those in Table 1. 
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Figure 3 Scatter diagrams showing the relationship between log seed mass (mg) and follicle mass (mg) for (a) Hakea sericea and 
(b) H. drypacea . 
110 
This suggests fixed non-adaptive constraints on follicle 
dimensions. 
Variation in follicle and seed size within a single 
individual is most likely non-adaptational. The fact that the 
slope of the relationship of seed and follicle size amongst 
species was between the range found within individuals of 
the two species we investigated, again suggests that a 
similar non-adaptive explanation is plausible to explain 
variation within the genus. 
Log transformations (i.e. allometric analysis) only ex-
plained an additional 5-10% more of the variation explained 
by analyses with untransformed data. This indicates that the 
relationships are dominantly isometric. 
The morphometric approach as null model for explaining 
variation in features of animals has been used by zoologists 
for decades and appears in introductory textbooks (e.g. 
Begon et al. 1986). However, only recently have botanists 
begun to study the relative variation in sizes of different 
plant parts (White 1983; Primack 1987; Midgley & Bond 
1989). Few botanical adaptationist studies have specifically 
used a morphometric null model against which to test adap-
tation. With the above morphometric analysis in mind we 
now return to the adaptational hypotheses. 
Apparently an insect predator would benefit dispropor-
tionately by selecting the species with larger follicles . A 
single J-/. platysperma seed (largest) will supply an insect 
predator with about 0.9 mg of seed per millimetre of follicle 
bored. In contrast, one H. costata follicle (smallest) will 
supply only 0.06 mg per millimetre bored and may incur the 
expense of moving to other follicles . From our sample it is 
apparent that a doubling in seed mass (reward to predator) is 
reflected in a disproportionately small increase in follicle 
thickness (effort to predator, b = 0.022) but a dispropor-
tionately greater increase in follicle mass (cost to parent 
plant, b = 8.07). This is because of the relationship between 
thickness and mass. For a perfectly spherical follicle a doub-
ling in thickness (radius) would imply an eight times 
increase in mass. 
We would expect that beyond a certain follicle size the 
advantages of increasing follicle thickness should decline, if 
large follicles are an adaptation to reduce fire mortality. In 
other words, a certain thickness should give a high degree of 
fire resistance and after that adding to the diameter of a 
follicle would yield declining benefits. Based on our survey 
all we can say is that relative follicle thickness (in relation 
to seed mass) declines as follicles get larger, which is a 
measure of support for the fire-resistance hypothesis . 
Finally, large follicle size could also be a non-adapta-
tional physiological consequence of selection for large seed 
size. Relatively larger seed size is well known to have 
adaptive value (e.g. Stanton 1985). This should be especial-
ly true in the nutrient-poor, summer dry climates where 
S.-Afr.Tydskr.Plantk., 1991,57(2) 
Hakea spp. are concentrated. Beadle (1968) showed that 
follicle size varied phenotypically in H. sericea; plants 
grown in low nutrients produced larger seeds and follicles. 
Unfortunately he did not provide data so that relative 
changes could be investigated. 
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